ABSTRACT. Although climate change models project that communities in southern Europe may be exposed to increasing drought in coming years, relatively little is known about how socioeconomic factors will exacerbate or reduce this problem. We assess how socioeconomic and policy changes have affected drought vulnerability in the Alentejo region of southern Portugal, where EU agricultural policy and the construction of a major dam have resulted in a shift from a land-extensive mixed agricultural system to the intensive production of irrigated grapes and olives. Following a dynamic systems approach, we use both published socioeconomic data and stakeholder interviews to present a narrative account of how this transition has increased the region's vulnerability to drought. To explore the assumptions made in the narrative, and to present different possible future scenarios, we create a dynamic systems model, the results of which suggest that socioeconomic drivers will play a more important role than projected rainfall changes in increasing vulnerability in the future.
INTRODUCTION
Planning and managing climate-related risks such as droughts presupposes that such events are well defined, anticipated, and discernible to all. This is an important assumption, particularly for farmers, because land-use decisions such as which crops to produce or what infrastructure to develop are usually made for economic reasons, months or even years before a drought appears, and the implications of such decisions may not be easily changed during times when water is scarce. Compounding this problem is the fact that long-range weather forecasting is still in its infancy, and significant uncertainty exists in the seasonal predictions needed to forecast the beginning and end of droughts (Rodwell and Doblas-Reyes 2006 , Semenov and Doblas-Reyes 2007 , Bechtold et al. 2008 ). This may explain why planning for droughts has received less attention than it deserves, and research is needed on adaptive-management strategies to reduce the impacts of droughts on rural livelihoods and natural resources.
Here, we study the semiarid Alentejo region in southern Portugal (see Appendix 1) and analyze whether socioeconomic factors have affected this social-ecological system's vulnerability to drought over recent decades. To do this, we follow Fraser (2007) , who identifies climate vulnerability as occurring in cases where being exposed to a relatively small environmental shock, which in this case is a fairly minor meteorological drought, has a disproportionately large impact on livelihoods. In particular, we hypothesize that changes in the environmental, social, and institutional conditions of the study region, that is, changes that are themselves a response to larger-scale socioeconomic and political forces, will influence the region's vulnerability to new rainfall patterns. To explore these issues, we focus on three interrelated factors: (1) how changes to agroecological conditions have affected the extent to which the ecosystem can remain productive under changing climatic conditions; (2) how changes to the economy of local communities have affected people's ability to adapt to changing climatic conditions; and (3) how changes to the institutions present in the study http://www.ecologyandsociety.org/volXX/issYY/artZZ/ region affect their ability to help manage climaterelated problems. In this third part of the analysis, we follow Ostrom (1990) , who focuses on those formal and informal social structures that affect how communities govern common-pool resources such as water.
LITERATURE ON ASSESSING VULNERABILITY
Coping with, or adapting to, extreme climatic events involves both biophysical and socioeconomic factors. Therefore, a region's vulnerability depends not only on it being exposed to increasing problematic climatic events, but also on its environmental and social characteristics that will affect the impact of the anomalous weather. Recently, a number of interdisciplinary studies on vulnerability have tried to capture the complexities of such social-ecological systems (Adger 1999 , Moss et al. 2000 , O'Brien and Leichenko 2000 , Alcamo et al. 2001 , Heitzmann et al. 2002 , Turner et al. 2003 , Adger 2006 . However, in virtually all of these cases, it has proven difficult to apply the concepts of vulnerability to empirical cases because appropriate methods are lacking (Acosta-Michlik 2005) . Therefore, further case-study-based research is required to advance these debates.
More specifically, vulnerability assessments have also been carried out at a range of scales using quantitative tools (e.g., Hurd et al. 1999 , Vörösmarty et al. 2000 . However, without a universally accepted "vulnerability measure," such analyses are usually based on fairly rigid and predetermined sets of indicators. For example, the vulnerability of people or ecosystems to water stress is often expressed in terms of hydrological variables such as the ratio between the supply and demand for water in a given region (Vörösmarty et al. 2000) . Some indicator-based systems also take into account institutional characteristics (Hurd et al. 1999) or focus on ecological, social, and/or economic factors to incorporate measures of system sensitivity and adaptive capacity (Sullivan et al. 2002) . In contrast, Simelton et al. (2009) presents an alternative indicator-based approach using statistical methods to identify the socioeconomic characteristics of vulnerability. Similarly, Brooks et al. (2005) use national-scale data and statistical methods to identify and weigh indicators of vulnerability and adaptive capacity. The value of these quantitative studies is that they provide an overview of vulnerability on a large scale, thus allowing comparisons between among regions and even continents. However, these overviews only consider a limited number of factors associated with vulnerability such as the relationship between drought and rice harvests (Simelton et al. 2009 ), or system characteristics and/or coping strategies (Sullivan et al. 2002) .
In contrast with these quantitative studies are more qualitative, smaller-scale, and often participatory, vulnerability assessments. For example, Smit and Wandel (2006) involve the active participation of a range of stakeholders to ensure that information is collected on topics relevant to the community. Turner et al. (2003) advocate "place-based" vulnerability assessments and propose to analyze human and biophysical interactions as spatially continuous where one scale is nested within others. Cumming et al.'s (2006) findings are similar in that they show how coupled social-ecological systems have their own dynamics that are influenced by spatial, temporal, and functional scales. Without specifically addressing scale, Folke et al. (1998) also describe the mismatch between institutions and the ecological resources they are managing. This mismatch is explicitly addressed by Kinzig et al. (2006) , who use four key case studies to argue that there are three domains (ecological, social, and economic) and three spatial scales (small = patch, medium = farm and large = region) that must be considered when assessing a system's resilience. A regime shift or drastic change in any of the domains, or at any of the scales, may trigger changes in other domains and at other scales.
From this short synopsis of the vulnerability literature, it is clear that any assessment of vulnerability to climate change needs to explicitly address social, institutional, and biological factors, each of which operate on different scales. In particular, it is necessary to capture how issues at the institutional level may drive changes in land use and how this may increase vulnerability at a range of scales. In response to these complexities, our goal here is to explore whether climatic, socioeconomic, demographic, land use, and policy factors have increased or decreased vulnerability to environmental shocks in the Alentejo region in southern Portugal. Here, we chose the phenomenon "drought" as an extreme climate event and understand it as a persistent period in which a particular region experiences a decline in rainfall and/or increase in http://www.ecologyandsociety.org/volXX/issYY/artZZ/ temperature, where these changes translate into a yearly water deficit. This was experienced in the Alentejo in 1999 , 2002 (Gouveia et al. 2009 ).
Drawing on the literature mentioned, three linked assessments were conducted to show how vulnerability to drought has changed in the study region. The first explored how changes in the region's agroecology have affected the vulnerability to changes in rainfall. The second assessment explored how economic changes affected the ability of communities to adapt to rainfall changes. The third explored whether recent changes have affected local institutions' ability to help mitigate or manage drought-related problems. These assessments follow Fraser (2007) and Fraser et al. (2011) , who argue that these three factors are useful in assessing vulnerability to climate change in that they can be heuristically depicted as the axes of a vulnerability space (see Fig. 1 ). In this vulnerability space, demographic, economic, or policy changes may cause changes over time along these three dimensions, thereby affecting the overall vulnerability of the system to climatic change. For example, the arrows in Fig. 1 show a hypothetical case where changes in the system have caused the system's agroecosystem to become more fragile (xaxis) over three points in time (T1,T2, and T3), its communities to lose assets (y-axis), and its institutions to lose the capacity to respond to a crisis (z-axis). If this sort of trajectory is observed in the real world, then it may be inferred that the system is becoming more vulnerable to climatic change such that relatively small climatic perturbations may cause significant problems.
METHODS AND RESEARCH DESIGN
We followed the research steps outlined in Fig. 2 to assess whether, and if so, how, policies and socioeconomic factors have affected vulnerability to drought in the study region. Appendix 2 provides details on those interviewed for this study.
Phase 1
Phase one of this project took place within the Aqu aStress project, a large European Union (EU) Sixth Framework project that involved a range of European and African partners who worked together to assess and evaluate water stress in a number of key regions. The first step was to analyze regional stakeholder groups in the Alentejo region of southern Portugal. To do this, we adapted the "stakeholder analysis for projects" approach and used a snowball sampling process (see Department for International Development 1995 , Montgomery 1995 , Howlett 2000 . Through this process, we identified that key stakeholders included: smallscale end-users, development practitioners, policy makers, planners and administrators in government, commercial bodies, and nongovernmental organizations. From among these categories, 25 participants were chosen for face-to-face interviews (see Appendix 2). We also facilitated one participatory focus group in November 2007 where participants were asked to describe the "problem" in the area and where to focus research. During the focus group, participants were also asked to fill in questionnaires that consisted of questions on the following topics: (1) actual water/climate-related situation, (2) knowledge and perception of climate change, (3) understanding and perception of causes of the current situation, (4) existing, known, and desired mitigation options/ policies for droughts, (5) information on additional and missing stakeholders, and (6) knowledge of existing drought policies.
Phase 2
In phase two, we used the interview transcripts as well as background data to determine how and why the region was becoming more or less vulnerable to drought, and what the stakeholders perceived to be the causes of those changes. During this phase, we contrasted opinions expressed in the interviews with secondary data that was collected from a range of internal, local, or government sources (see Appendix 3). Where data was unavailable to test claims made during the interviews, we relied on expert knowledge of the extended AquaStress team to refine or refute interview data. We then synthesized these various types of information into a single narrative that accounted for land use and economic changes for the past three and a half decades (European Commission 1995, Pachauri and Reisinger 2007 ; see also Appendix 3). This narrative was then presented to experts of the project and refined to show how and why vulnerability has changed. While conducting this assessment, to explore the complex interactions and feedbacks described in the narrative, we built a causal-loop diagram, or conceptual model, of the system. For a full discussion and rationale of this approach, please see Fraser et al. 2011 . Fig. 1 . Vulnerability space build-up along three "meta" categories: (1) sensitivity of agroecosystems to water stress, (2) access to capital assets, and (3) institutional capacity to adapt to crises.
Phase 3
In phase three, our goal was to explore the implications of our results for future vulnerability. It is important to note that, for regions such as the Alentejo where background data is limited, creating accurate predictive models is impossible. Nevertheless, it is possible to model the implications of different future scenarios as a way of challenging our understanding about how social-ecological systems work and identifying uncertainty. Therefore, the goal of this step was to use the data generated by the interviews as the basis for models that would allow us to explore how vulnerability might change under different scenarios. To do this, the nature of the relationships in the conceptual model were estimated in terms of their strength and direction (e.g., slope) and whether they were linear, exponential, or curvilinear (see Fraser et al. 2011 for a discussion about the merits and challenges of this approach). Although the basis for these estimates, that is, the information contained in the interview transcripts, was entirely qualitative, doing this meant that scenarios could be formally modeled, thus providing a means for evaluating the importance of the assumptions implicit in the narrative. As a result, these models are not intended to be predictive. Rather, the equations used in the model became tools to allow us to critically explore both the model itself and the assumptions made by the stakeholders who provided the information that led to the narrative in the first place. The models also allowed the simulation of "would-be worlds," enabling critical reflection on different pathways that vulnerability could take over time (Casti 1997) . http://www.ecologyandsociety.org/volXX/issYY/artZZ/ 
SYNTHESIS OF PHASE I AND II: ACCOUNTING FOR CHANGING VULNERABILITY TO DROUGHT

Background Narrative
The Alentejo region of southern Portugal (Fig. 3) is one of the poorest in the EU-15, and its population and economy are shrinking (do Ó and Roxo 2001). However, in recent decades, socioeconomic changes have resulted in new land uses that promised a new economic development path. Those changes have accelerated since Portugal's entrance into the EU in 1986 when Portugal became eligible for cereal subsidies and took up increasingly intensive cattle production (do Ó and Roxo 2001). European policy and the Program for the Development of Portuguese Agriculture (PEDAP) also led to intensified cropping systems that used more agrochemicals and mechanization. In Alentejo, old olive groves, orchards, and "montados" (a traditional land-use system made up of extensive pig production and cork oak (Quercus suber), used to produce wine corks) were replaced with irrigated cereals and other annual crops such as sunflower. Erosion increased, as did water and soil pollution (Seita-Coelho 2006) . This situation lasted until the common agricultural policy (CAP) reform of 1992, when cereal production was dropped as a priority. Combined with a crisis in livestock management (partly because of BSE), which had traditionally complemented cereal production, this led to a phase of agricultural intensification (Seita-Coelho 2006) . Concurrently, reforestation policies became more attractive to old farmers without successors, and to landowners who had left the area or who for other reasons were no longer full-time farmers (Pinto- Correia et al. 2004) . After the latest round of CAP reforms in 2003, the policy and economic context changed again with the introduction of subsidies for olive-oil production and vineyards (see Fig. 4 ). The EU, as the leading world producer of olive oil, had a stake in supporting production. Since then, irrigated areas have expanded because of the new olive plantations and the montado system is again in decline. This has caused soil degradation due to deeper ploughing and higher stocking rates that impede natural regeneration (Pinto-Correia and http://www.ecologyandsociety.org/volXX/issYY/artZZ/ Figure 5 also depicts an agroecological shift from the traditional mixed montado landscape to olive orchards and irrigated crops. This is significant because although traditional olive groves require just 2,500 m 3 of water per ha, irrigated fields need >5,000 m 3 /ha. Therefore, the interviewees suggested that Alentejo is now more dependent on water than ever before. This was seen by stakeholders as a problem because this semiarid region suffers from recurrent droughts. For example, a representative of a national NGO interviewed during this research said: "The need for more income has turned us blind. Almost everyone has invested in irrigation and has forgotten that rain and water are precious rare goods." Additionally, groundwater is reported to have become badly polluted through inadequate waste disposal as well as excessive fertilizer and pesticide use (Chambel et al. 2006 , Castro 2008 ).
In terms of surface water, the Guadiana River is the main collector in the region and already experiences high annual variability (Hulme and Scheard 1999 , Government of Portugal 2001 , Gouveia et al. 2009 ). This has resulted in serious droughts in 1999 , 2002 (see Gouveia et al. 2009 ). To address this problem, the "Alqueva multipurpose project" was developed, involving building a dam to create a 250 km 2 reservoir that is supposed to store enough water from wet years to cover a series of dry years. This construction, the largest dam project in the EU to date, was finished in 2002, and the reservoir had filled by 2006. However, stakeholders are concerned that the dam actually causes an incentive for farmers to establish more irrigation, and that this will accelerate the decline in traditional land management. The reservoir is currently underutilized, but as more land is linked with the reservoir, the pace of land-use conversion and water use may increase. As a result, some are concerned that these changes have made the region the most sensitive area to drought and desertification in Portugal (Pimenta et al. 1997 ).
Other problems with the Alqueva were also mentioned during our interviews. In particular, (1) much of the infrastructure is still not yet in place, (2) there is a lack of basic research on the potential effects of the dam on the region's ecology and economy, and (3) the constant humidity caused by the dam's reservoir might create an opportunity for a fungal pathogen of the cork-oak tree to become established year-round and grow to epidemic levels, thus further undermining the montado system , Pereira and Pires de Fonseca 2003 , Pinto-Correia 1993 , United Nations Educational, Scientific and Cultural Organization 2006 , Van den Wyngaert et al. 2006 . Therefore, from an agroecological perspective, the new system of irrigated crops with its greater water requirement and associated other ecological problems, has, in the opinions of the interviewees as well as the academic literature, created a land-use system that has become more vulnerable to climate change than in the past (Pereira and Pires de Fonseca 2003, Nunes et al. 2009 ).
From a socioeconomic perspective, the shift in land use not only means that the social-ecological system requires more water to operate, but also implies considerable on-farm specialization. Today, it is common that farm production involves a single commodity (e.g., grapes or olives) whereas, before, farm income was more diversified, based on a mixture of cereals, animal husbandry, and cork production. The expansion of olive fields has been significant, increasing from 18% of the total permanent crop area in 1995 to 62% in 2007 (Food and Agriculture Organization 2007). Interviewees reported that the main reasons for changing to irrigated crops were: (1) the promise of a continuous water flow and an irrigation infrastructure coming from the Alqueva, and (2) the EU subsidies obtained for farm improvements (PEDAP program) and olive-oil production. This point was demonstrated by a farmer interviewed during this research: "Now we get more money from olive production than even before-you'd be an idiot not to change production." This was also raised in another manner by a representative of a farmers' association, who argued that European policy was far more influential than local policy in determining landmanagement decisions: "I don't know which new agrarian policies are in Portugal, but I know the EU policies very well. They are more important for us. If they change, our economy changes."
The Alqueva reservoir has been described by stakeholders as "deficient" in additional ways. For example, the interviewees reasoned that administrative extension services in the Alentejo are very limited in use because of a lack of qualified staff and cutbacks in local governmental programs. Local farmers' associations are almost the only source of information on policies, restrictions, and available support (Kosmas and Valsamis 2002) and according to stakeholders and experts, Portugal lacks an appropriate national plan for climate change http://www.ecologyandsociety.org/volXX/issYY/artZZ/ Source: Google Earth adaptation and mitigation (e.g., for drought management). Although some alternative plans and policies do exist, many have never been applied, such as the National Environmental Policy Plan. On water and drought management, stakeholders reported that although there are water policies in place, many are overlapping and this causes administrative confusion. In particular, concern was raised about the municipality of Mértola, where six plans have overlapping authority on drought planning: (1) the municipal director's plan (administrative local authority), (2) the national water plan, (3) the Guadiana water-basin plan (water-basin territory), (4) the forestry sustainable development plan (administrative national territory); (5) the management plan for the Guadiana national park (conservation territory); and (6) the national action plan to combat desertification and drought (Van den Wyngaert et al. 2006) . Together, this confusion of policies means that local formal institutions struggle to be effective in planning for drought (do Ó and Roxo 2001) .
Conceptual Model
Three key economic, institutional and agroecological factors emerge from this narrative:
1. The change from the montado system to an irrigated agroecosystem after 2003 has meant that farming in the region requires more water than in the past, which makes the system more vulnerable to drought.
2.
The socioeconomic drivers of this agroecological shift have reduced the diversity of local farmbased income sources, making livelihoods dependent on a small number of waterintensive crops. http://www.ecologyandsociety.org/volXX/issYY/artZZ/ 3. To a large extent, these changes have been driven by EU policy (e.g., CAP, PEDAP, EAGF, etc.). This has reduced the efficacy of local institutions to develop policies that would enhance climate resilience at the local scale.
We have heuristically illustrated these changes in agroecological resilience, access to assets at the community scale, and the capacity of relevant institutions to respond to a climate-related problem in Fig. 6 . The figure shows how those three factors changed at four points in time: (1) Time 1 (T1) or the period circa 1974 when the Portuguese dictatorship ended, (2) Time 2 (T2), which marks Portugal's access to the European Economic Union in 1986 when the first European structural programs and agricultural subsidies started, (3) T3, representing 1992 when cereal subsidies were cut, and (4) T4, which is the present day as perceived by the stakeholders we interviewed.
In Fig. 6 , we see that the trajectory of this region is toward the back, top right-hand corner, which suggests an increased vulnerability to drought, such that in the future, smaller droughts may have bigger impacts on the region's social-ecological system. This may be especially significant given that predictions from the Intergovernmental Panel on Climate Change (Bates et al. 2008) are that this region may experience more droughts in the future.
However, it is important to note that the changes in these three dimensions have not occurred on their own, nor are they isolated. For example, the Alqueva reservoir acts as a massive evaporation pan and this has increased year-round levels of humidity. Constant humidity means fungal pathogens of the cork oak have become established throughout the year and traditional farmers now regularly face epidemic levels of this problem. This means montado farms are less economically viable than in the past. Additionally, the montado system is also dependent on labor availability. As such, the viability of this system is linked to agricultural policies and nonfarm labor markets (such as tourism) that draw people out of agriculture. As these sectors of the economy have grown, the montado system has become less viable. Both of these drivers have increased the incentives for remaining farmers to convert farms to crops that require less labor.
To represent and better understand this complex social-ecological system, we developed a causalloop diagram as a basis for modeling, drawing on our interview transcripts, published data, and secondary sources (see Fig. 7 and Appendix 3). Then, we adapted a version of "system dynamic modeling" (Forrester 1961 , Nordhaus 1992 , Fiddaman 1995 , Brans et al. 1998 , Forrester 2000 , Stave 2002 , Martínez Fernández and Esteve Selma 2004 for representing and modeling the trends outlined in Fig. 6 .
SYNTHESIS OF PHASE III: SCENARIOS AND POLICY IMPLICATIONS
In the final phase of this research, we used information gathered from the interviewees along with climate predictions from the IPCC report to identify three possible future scenarios for the region: (1) an increase in the subsidy for olive production; (2) a decrease in subsidy for olive production; and (3) an increase in droughts. According to the stakeholders, each of these three scenarios is likely to have an effect on the following six factors:
farm income;
2. the total population in the region as well as the population engaged in agriculture;
water pollution;
4. water availability;
5. the amount of irrigated land; and 6. the land area remaining under the traditional montado system.
We then used the interview data, expert opinion, and background data to infer how these six factors might change under each scenario, and modeled the implications of how these changes would affect these three axes of vulnerability, as outlined in Fig.  6 . The scenarios, along with a comparison in terms of their impacts on the six factors, are presented in Fig. 8 and Fig. 9 . Although the predictive capacity of this modeling approach is extremely limited, this exercise was done to provide insights on how different factors might increase or reduce the vulnerability of the region in the future. http://www.ecologyandsociety.org/volXX/issYY/artZZ/ Fig. 6 . Vulnerability analysis suggesting that over time, this rural economy and land-use system has become more vulnerable to water stress (indicated by the movement to the top, right, back corner of the figure) such that smaller droughts will have larger impacts on the local economy.
Scenario 1: An Increase in Subsidies
The first scenario (S1) explores the implications for climate vulnerability if EU subsidies for olive production increase by 10%. This is widely perceived to be a likely development among those we interviewed. In the words of one stakeholder: "We expect the subsidies to rise to make the European olive market more competitive against other markets, like Arab countries or the USA." Currently, subsidies are paid in direct proportion to the annual output of olives. This means subsidies range from <100 €/ha for the most traditional lowintensity farms to >2,000 €/ha for the most modern, irrigated, and mechanized plantations (World Wildlife Fund and BirdLife International 2004) . Beaufoy (2003) reported that establishing irrigation on fields would result in a 530 €/ha gain in net returns (as opposed to 90 €/ha for traditional olive farming).
Based on the assumptions made in the model, a 10% increase in the olive subsidy would result in an increase in income coming from olive production and, implicitly, an increase in irrigated land, with the consequent intensification and clearing of small and nonrentable plantations (e.g., montado area). It would also result in an increase in pollution levels because more pesticides are used in this type of agriculture. This would affect water quality, which http://www.ecologyandsociety.org/volXX/issYY/artZZ/ Fig. 7 . Conceptual model for the Alentejo region showing the casual loops and interlinkages that influence the rate of change of the area converted from a montado to an irrigated system. Note: Variables marked by rectangles are for indicators that refer to agroecological conditions; diamonds are used to identify socioeconomic factors, and circles refer to formal institutional factors. These three types of variables refer to the three dimensions of vulnerability outlined in the opening editorial of this special issue. "HA converted" stands for the number of ha of the montado area converted to irrigated area. The symbol (+/-) next to each arrow indicates whether the relation is positive or negative.
would in turn reduce the amount of good-quality water available for the montado and for nonagricultural uses, thus further undermining traditional agriculture in the region.
However, this scenario does suggest that, through the increase in subsidies for olive oil, the agriculture sector could enjoy relatively higher incomes than other sectors of the economy. This could slow the rate of rural depopulation. Of course, this is dependent on other economic factors, such as the opportunities for work in tourism, that fall outside the scope of this discussion. Nevertheless, and in general terms, the implications of this scenario are that overall vulnerability of the area to drought will increase if production subsidies rise, owing to the large amounts of water required for the more intensive system, the reduction in income diversity, and high subsidy dependence. The socialecological system would consequently be more vulnerable to environmental shocks. However, to explore this assessment more critically, we propose http://www.ecologyandsociety.org/volXX/issYY/artZZ/ Fig. 8 . The vulnerability space showing the historical state (T4, as in Fig. 5 ) and the future virtual states (S1, S2 and S3) based on the policy scenarios.
that research needs to be focused on the causal loops starting with the "CAP subsidies" part of Fig. 7 to better understand if there are links between increases in subsidies and increases climate vulnerability.
Scenario 2: A Decrease in Subsidies
Scenario two (S2) is the opposite of scenario one, and simulates the potential effect of a decrease in subsidies for olives. At the moment, olive trees are eligible for a single payment (for trees planted before 1998) as well as the production subsidy described in scenario 1. Stakeholders are concerned that this subsidy may be reduced in future. For example, one interviewee commented: "We are afraid for our future if subsidies are decreased or even stop, as happened with cereal subsidies, because the investment in the olive sector is bigger than elsewhere." This concern is echoed by studies in other regions that show how agricultural subsidies shape land use by making some products more profitable than others (Moors et al. 2008) . For instance, Amores and Contreras (2009) show that in the Andalusian region of Spain, >60% of the olive farms would lose money were it not for the subsidies.
To explore these concerns, we ran a scenario where single payments to farmers and 50% of production subsidies are eliminated. These relations are reflected in Fig. 7 (see loop starting with "CAP http://www.ecologyandsociety.org/volXX/issYY/artZZ/ Fig. 9 . Scenarios (S1, S2, and S3) subsidies"). According to our model (see Fig. 9 ), the results would be a decrease in the area of irrigated land and an increase in water available for montado and nonfarm uses (see feedback loop in Fig. 7 starting with "area irrigated for olives and grapes"). This scenario shows an increase in the rate of depopulation as people leave the area to seek alternative sources of income. The rate of rural depopulation in the Alentejo is already one of the highest in Europe and is perceived as a major problem in the area by both experts (do Ó and Roxo 2001) and those interviewed.
This scenario suggests that a decrease in subsidies may reduce vulnerability to climate change in terms of agroecological factors because the increase in water available to households could be expected to reduce vulnerability. In any case, the traditional olive system produces a harvest only every second year, and consequently receives support only every two years. Therefore, the levels of income and production support from montado and the already existing irrigated land would drop, and economic indicators of vulnerability would become worse under this scenario. Further research needs to be done on the ecological and economic effects that reduced CAP subsidies might have in agricultural areas.
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Scenario 3: Recurrent Droughts
Scenario three (S3) shows the potential effect of longer and more frequent droughts on the region. For this scenario, agricultural subsidies were held constant, while rainfall variability and temperature levels were changed in line with the IPCC report, which projects a 15% drop in precipitation and an increase in temperature of 2°C for the period 2011-2020 (Hulme and Sheard 1999 , Gallego et al. 2006 , Christensen et al. 2007 , Pachauri and Reisinger 2007 . This was seen to be an important scenario for vulnerability assessment in the Alentejo, given that over 95% of water demand in the region is for agriculture, covering 80% of the land (see description in Fig. 3 ). It might be expected that the impact of an increase in drought periods will be significant.
Based on this scenario, it seems that both water quality and quantity are vulnerable to climate change. Furthermore, these changes will likely reduce the water quality of the Alquera reservoir, increasing the conductivity of the stored water and making it unsuitable for agricultural, environmental, or domestic purposes. This scenario suggests that a deterioration in water quality would not be preventable (Cravo et al. 2006, Froebrich and Obermann 2006) and that it would be unlikely that the minimum water requirement for the agricultural sector would be reached (see Fig. 9 ). This includes the amount of rainfall needed for olive production (200 mm/yr). Consequently, results suggest that under this scenario, there would be little water left for the montado system in the future. If this coincides with the longer periods of drought projected by the Intergovernmental Panel on Climate Change, it may be that institutional arrangements such as drought plans to allocate water would need to be enhanced, and perennial crops, such as olives, will be given priority in watermanagement plans. In any case, it is expected that income diversity would drop because of yield losses.
In this simulation, the overall change in the vulnerability of the social-ecological system is less than in S1 and, from this, we infer that socioeconomic factors linked with changes in income will influence the system more than climate variability. However, S3 is consistent with S1 in that both show decreases in income and population. Similar to the S2 scenario, we assume that a smaller population implies less working power dedicated to the montado. This would lead to a higher risk of bush encroachment and the disappearance of montado areas. Therefore, we suggest further research is needed to explore the impact that climate-induced changes may have on land use (e.g., the area around the "climate-induced changes" part of Fig. 7) and to explore the ecological and economic impacts of climate predictions on subsidized agricultural and traditional systems in the region.
OVERARCHING DISCUSSION
Considering that climatic predictions project less water being available per household and farm in the Alentejo, and that reported socioeconomic changes have made this region more sensitive to droughts, the future viability of the actual social-ecological system may be in jeopardy. Nevertheless, there are many different ways that the future can unfold, and which pathway this region takes will itself be a reflection of prevailing socioeconomic and policy drivers. Here, we have shown how a holistic approach to vulnerability that uses stakeholder input to create formal dynamic models can reveal the possible (and often counterintuitive) impacts that policy and management may have on the vulnerability of the system. The narrative suggested that there has been an overall loss in national institutional capacity to respond to droughts, an increase in on-farm specialization that makes farm incomes more sensitive to a decline in rainfall, and a shift in land use towards more water-demanding crops. Those changes may increase the economic wealth of the Alentejo in the short term, but they may also increase the region's vulnerability to future drought. Moreover, it is likely that the current key droughtmanagement policy in the region, that is, the construction of a reservoir to increase access to irrigation, has actually increased the region's vulnerability by increasing the agricultural demand for water.
By modeling different scenarios based on qualitative knowledge and numerical information, we found that vulnerability to drought may rise further. A possible exception is if subsidies for olive production are reduced. More specifically, the following key implications arise from our study (also see Table 1 and Fig. 9 ): In the short term, the change to irrigation agriculture might reduce vulnerability to drought by increasing access to water. Nevertheless, for longer lasting drought events, economic changes may mean that vulnerability increases because investments in irrigation are substantial and farmers may come to rely on the permanent availability of water and subsidies. This situation will make the region highly dependent on external factors that local institutions will have little influence over. Thus, additional research on the implications of subsidies and the Europeanization of policies is needed before policy makers can be confident that they can help to reduce long-term economic vulnerability by subsidizing specific agricultural products.
2. Population: One implication of our results is that policies designed to promote economic growth in the Alentejo may actually have a negative impact on the population size and, by implication, on the sustainability of the traditional social-ecological system that is highly labor dependent. Only S1 predicts a stable population. All three scenarios suggest that population fluctuation will harm the traditional montado system. Studies on sustainable and equitable development paths in such semiarid regions should focus on the reduction of local and "migration-triggered environmental degradation as well as vulnerability to climate change, by providing means to invest in maintenance and improvements in land while providing jobs to prevent migration to other areas" (Ribot et. al. 1996:47) .
3.
Pollution: This exercise suggests that water quality is an important factor affecting the vulnerability of the system. The shift to olive and vineyard cultivation has increased the quantity of pesticides used and decreased water quality. Such pollution reduces the supply of usable water, thus increasing vulnerability to drought (Rodríguez Pérez et al. 2009 ). Therefore, explicit investigations are needed on the ecological consequences of policies and land-use changes to avoid a decline in water quality.
droughts increase (as in S3), the supply of water from the reservoir will decrease. This may lead users to increase dependence on groundwater resources. The more water is used to irrigate fields, the less will be available to recharge groundwater aquifers. This suggests that the links between water requirements and production subsidies need to be better understood to avoid possible unintended consequences of policies on the social-ecological system.
5.
Montados: A reduction in the montado area may occur as the economic viability of this land use declines (as shown in S1 and S3). The previously described factors of population trend, pollution, and water availability have also been shown to influence whether the montado area increases or decreases. We also question how pollution would affect the size of montado area. Further investigations of these links should take place before new policy measures are implemented.
CONCLUSION
We have assessed the vulnerability of semiarid agricultural dependent social-ecological systems to climate change in the Alentejo region of Portugal. Using a mixture of qualitative and quantitative methods, we have developed future scenarios that include the potential effect of changes to European agricultural policy. This research has facilitated our understanding of the impacts of vulnerability in the region and of the unintended consequences of policies in complex social-ecological systems.
Our assessment demonstrates that vulnerability to climate change is not only a function of bioclimatic factors; indeed, our results suggest that socioeconomic decisions could pose a greater threat than climate change in terms of increasing vulnerability to drought. Our research shows that current EU production-support subsidies for this particular region are increasing vulnerability to drought in that they encourage agricultural intensification and expansion at the expense of the more environmentally friendly and droughtresistant montado production system. However, if EU policies shift and support traditional agriculture, or stop subsidizing irrigated olive production, then this vulnerability could be reduced.
